Many aspects of photoreceptor metabolism are regulated as diurnal or circadian rhythms. The nature of the signals that drive rhythms in mouse photoreceptors is unknown. Dopamine amacrine cells in mouse retina express core circadian clock genes, leading us to test the hypothesis that dopamine regulates rhythms of protein phosphorylation in photoreceptor cells. To this end, we investigated the phosphorylation of phosducin, an abundant photoreceptor-specific phosphoprotein. In mice exposed to a daily light-dark cycle, robust daily rhythms of phosducin phosphorylation and retinal dopamine metabolism were observed. Phospho-phosducin levels were low during the daytime and high at night, and correlated negatively with levels of the dopamine metabolite 3,4-dihydroxyphenylacetic acid. The effect of light on phospho-phosducin levels was mimicked by pharmacological activation of dopamine D4 receptors. The amplitude of the diurnal rhythm of phospho-phosducin was reduced by more than 50% in D4 receptor knockout mice, due to higher daytime levels of phospho-phosducin. In addition, the daytime level of phospho-phosducin was significantly elevated by L-745,870, a dopamine D4 receptor antagonist. These data indicate that dopamine and other light-dependent processes cooperatively regulate the diurnal rhythm of phosducin phosphorylation. Under conditions of constant darkness, a circadian rhythm of phosducin phosphorylation was observed, which correlated negatively with a circadian rhythm of 3,4-dihydroxyphenylacetic acid level. The circadian fluctuation of phospho-phosducin was completely abolished by constant infusion of L-745,870, indicating that the rhythm of phospho-phosducin level is driven by dopamine. Thus, dopamine release in response to light and circadian clocks drives daily rhythms of protein phosphorylation in photoreceptor cells.
Circadian clocks are self-sustaining genetically based molecular machines that impose 24 h rhythmicity on physiology and behavior, and synchronize these functions with the solar daynight cycle. Mammalian retina contains independent circadian oscillators capable of driving circadian rhythms in physiological functions (Tosini and Menaker, 1996; Storch et al., 2007) . Many aspects of photoreceptor metabolism are regulated as diurnal or circadian rhythms, including rod outer segment disc shedding, synaptic ribbon dynamics, cAMP-response element binding protein phosphorylation, gene expression, and melatonin biosynthesis (Green and Besharse, 2004; Iuvone et al., 2005) . Recently it was shown that the disruption of mouse retinal circadian clocks leads to abnormal retinal transcriptional and electrical responses to light (Storch et al., 2007) . However, the significance of circadian rhythms in mammalian photoreceptor physiology is poorly understood and the molecular mechanisms of circadian clock action in photoreceptor cells are unknown. Here we studied the role of dopamine in the daily rhythm of protein phosphorylation in photoreceptor cells.
Dopamine is a neuromodulator secreted from retinal amacrine and interplexiform cells (Dowling, 1991; Witkovsky, 2004) . Dopamine synthesis and release are stimulated by light and, in some animals, regulated by circadian clocks [e.g., (Kramer, 1971; Iuvone et al., 1978; Nir et al., 2000; Doyle et al., 2002; Ribelayga et al., 2004) ]. Recent studies indicate that mouse retinal dopamine neurons express core circadian clock genes (Witkovsky et al., 2003; Gustincich et al., 2004; Ruan et al., 2006; Dorenbos et al., 2007) . Earlier studies in nonmammalian vertebrates identified a photoreceptor melatonin-dopamine feedback loop that regulates retinal circadian rhythms (reviewed in (Besharse et al., 1988; Green and Besharse, 2004; Iuvone et al., 2005) ), but the relevance of a similar feedback loop in mammalian photoreceptor rhythms is largely unexplored.
To investigate the potential role of dopamine in the rhythmic regulation of protein phosphorylation in mammalian photoreceptor cells, the phosphorylation of phosducin (Pdc) was investigated. Pdc is an abundant photoreceptor-specific phosphoprotein, which is also expressed the pineal gland (Lee et al., 1987; Kuo et al., 1989; Reig et al., 1990) . Phosducin is phosphorylated by cyclic AMP-dependent protein kinase A (PKA) (Lee et al., 1990a; Pagh-Roehl et al., 1995; Wilkins et al., 1996) and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) (Lee et al., 1990b; Thulin et al., 2001) at two distinct serine residues. Light promotes dephosphorylation of Pdc and its consequent binding to transducin βγ subunits (G t βγ), (Lee et al., 1987; Yoshida et al., 1994; Thulin et al., 2001; Sokolov et al., 2004) . Thus, Pdc represents an excellent model protein to study photoreceptor specific phosphorylation by PKA and CaMKII. Proposed functions of Pdc include transducin translocation within photoreceptor cell compartments (Sokolov et al., 2004) , protection of G t βγ from ubiquitination and proteasomal degradation (Zhu and Craft, 1998; Obin et al., 2002) , and transcriptional regulation (Zhu and Craft, 2000a; Zhu and Craft, 2000b ). In the current study, we found that dopamine contributes to diurnal and circadian rhythms of the phosphorylation state of the protein in mouse photoreceptors, providing direct evidence that dopamine plays a role in regulation of photoreceptor rhythms in mammals.
Materials and methods

Animals
Three strains of mice were used in this study: wild type C57Bl/6J mice purchased from The Jackson Laboratory (Bar Harbor, ME, USA); congenic mice lacking dopamine D4 receptors on a C57Bl/6J background (Drd4 −/− mice) (Rubinstein et al., 1997) , and C3H/f +/+ mice, a C3H sub-strain that is unaffected by the retinal degeneration (rd1) mutation (Tosini and Menaker, 1998) . Animals were kept in a 12-hour light/12-hour dark cycle, with lights on from zeitgeber time (ZT) 0 to ZT 12. Animals were euthanized by cervical dislocation. All manipulations on mice and tissues under conditions of "darkness" were performed under dim red light (No. 92 filter, Eastman Kodak, Rochester, NY, USA). For circadian rhythm experiments mice were kept in total darkness (24 hours per day) for 2 -3 days before dissection.
All experimental protocols meet the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Emory University.
Characterization of α-Ser 73 -Pdc antibody AN519
Rabbit polyclonal antibody AN519 was generated against a keyhole limpet hemacyaninconjugated phosphopeptide, FSRKMpS73VQEYELIHKC, which corresponds to amino acid residues 68-82 of bovine phosducin (GenBank accession number P19632). The antibody was characterized with the following experiments. Time course of phosducin phosphorylation ( Fig.  1 A) : The Pdc/G t βγ complex purified from bovine retinas (Lee et al., 1987) was phosphorylated by the catalytic subunit of PKA in the presence of 32 P-γ-ATP, as described (Lee et al., 1990a; Chen and Lee, 1997) . The time course of phosphate incorporation was monitored by quenching an aliquot of reaction mixture at 0, 5, 10, 20 and 60 min after the start of the reaction and by subjecting the samples to SDS-PAGE and electroblotting to poly vinylidine difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). One membrane which contained 1.5 μg Pdc per lane was stained with Coomassie Brilliant Blue (CBB), and 32 P-Pdc was detected by autoradiography. A parallel membrane which contained 0.04 μg Pdc per lane was subjected to Western blot analysis with AN519 (1: 10,000 dilution) and the bound antibodies were detected by chemiluminescence (West-Pico kit, Pierce, Rockford, IL, USA). The intensities of CBB staining, X-ray film and chemiluminescence were captured with a CCD camera (AlphaInnotech ChemImager 5500, San Leandro, CA, USA). Western blot analysis shows a time-dependent increase in anti-pS 73 -Pdc immunoreactivity that parallels incorporation of 32 P into Pdc. The specificity of AN519 for the pS73 site of bovine Pdc (Fig. 1 B) : Pdc/ G t βγ samples were incubated for 3 h with high concentrations of PKA with or without 32 P-γ-ATP to prepare phosphorylated 32 P-labeld Pdc and non-phosphorylated Pdc samples. Following SDS-PAGE and CBB staining, the amounts of Pdc were determined using BSA as standards; the stoichiometry of Pdc phosphorylation (1:1) was established by scintillation counting of the excised 32 P-labeled Pdc band, as described (Lee et al., 1990a; Chen and Lee, 1997) . To evaluate the specificity of AN519, a series of phosphorylated Pdc (Pdc-pS 73 ) and non-phosphorylated Pdc (Pdc) samples containing 1 to 100 ng of Pdc were subjected to Western blot analysis with AN519 and the immunoreactivity was detected and quantified by AlphaInnotech ChemImager 5500. Based on the slope of dose-response curves, the affinity for pS 73 -Pdc is at least 50 times higher than for non-phosphorylated Pdc. Phosphorylation of Pdc in mouse retinal homogenate ( Fig. 1 C) : Two frozen adult C57Bl/6 mouse retinas were homogenized in 500 μL of 10 mM TrisHCl, pH 7.4, containing 2 mM dithiothreitol. The protein concentration of retinal homogenate was determined by CBB binding using BSA as the standards (BioRad binding assay, Hercules, CA, USA). Two aliquots of retinal homogenate (100 μg each) were incubated at 30°C for 20 min with 0.1 mM ATP, 10 mM MgCl 2 with (lanes 1, 3, 5) or without (lanes 2, 4) 0.1 mM cyclic AMP. At the end of incubation, multiple sets of retinal samples (20 μg per lane) were separated, in parallel, by SDS-PAGE. After excising a portion of the SDS gel containing one set of sample for CBB staining (lane 1), the remaining gel was electroblotted for Western blot analysis with AN519 (1: 10,000 dilution) (lanes 2, 3) and anti-Pdc-pan (1:50,000 dilution; Lee et al., 1988 ) (lanes 4,5), respectively. The equal intensities in the immunoreactivity of anti-Pdc-pan (lanes 4, 5) established the presence of the same levels of Pdc in all samples. The detection of a single anti-Pdc-pS 73 band which comigrated with Pdc and showed increasing immunoreactivity by cyclic AMP-activated PKA phosphorylation establishes that AN519 recognizes and is mono-specific for the corresponding PKA phosphorylation site of mouse Pdc, which is Ser 71 in the mouse sequence.
Measurement of Ser 71 -and Ser 54 Pdc phosphorylation by immunoblotting
Retinas were homogenized in 100 μl of 10 mM HEPES buffer, pH 7.5, containing 10 mM EDTA, 1mM dithiothreitol, 1 μM microcystin LR (Sigma, St. Louis, MO, USA), and 0.2 mM phenylmethylsulfonyl fluoride. This solution inhibits Pdc phosphorylation/dephosphorylation (Lee et al., 2004) . After centrifugation at 15000g for 10 min, protein concentration was measured in supernatant fractions (Lowry et al., 1951) , using bovine serum albumin as standard. Protein (20μg) was denatured by sonication for 10 min and separated on 10% Bis-Tris Criterion XT precast gel (BioRad Laboratories, Hercules, CA, USA). After semi-dry transfer of proteins to PVDF membrane, total Pdc, pSer 54 -Pdc, and pSer 71 -Pdc were detected by rabbit polyclonal antibodies: anti-Pdc-pan (1:20000) (Lee et al., 1988) , which recognizes both unphosphorylated and phospho-Pdc (Chen and Lee, 1997) , Pdc54p (1:500), which specifically recognizes mouse pSer 54 -Pdc (Song et al., 2007) , and AN519 (1:5000), which specifically recognizes mouse pSer 71 -Pdc ( Fig. 1 ).
Protein bands were detected using ECL ™ Western blotting detection reagents (Amersham Biosciences, Buckinghamshire, UK). Band densities were quantified using Kodak Molecular Imaging software (Kodak, Rochester, NY, USA). Phospho-Pdc/Pdc ratios were normalized to the average ratio of the control group (vehicle injected and/or wild type animals), which was assigned a value of 1.
Retina incubation in vitro
To test the effect of quinpirole on phosducin phosphorylation in vitro, mouse retinas were incubated as described elsewhere (Nir et al, 2002) with minor modifications. Retinas were isolated from dark-adapted mice and placed in ice-cold Earle's saline in an atmosphere of 5% CO 2 and 95% O 2 . After isolation, individual retinas were incubated for 15 min at 37°C in 0.7 ml of Earle's saline with or without quinpirole (10 μM). Following incubation, retinas were frozen on dry ice and analyzed for phorphorylated and total Pdc.
Immunoprecipitation of Pdc/G t βγ complexes
Retinas were homogenized in 200 μl of immunoprecipitation buffer (IP buffer) containing 50 mM Tris HCl, 150 mM NaCl, 1% NP-40, 0.1 mM phenylmethylsulfonyl fluoride, 10 μM microcystin LR, 1% of phosphatase inhibitor mixture 1 and 25 μl/retina of protease inhibitor mixture (both mixtures were obtained from Sigma, St. Louis, MO, USA). The supernatant was pre-cleared with 20 μl of protein G Sepharose 4 Fast Flow (Amersham Biosciences, Uppsala, Sweden) for 1h at +4°C. Pdc/G t β complex was immunoprecipitated overnight with 50 μL of anti-G t β antibody (G β1 , C-16, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), which binds to a N-terminal epitope of G t β and does not interfere with Pdc/G t β interactions based on the known structure of the Pdc/G t βγ complex. (Gaudet et al., 1996; Gaudet et al., 1999) , or an equal amount of non-immune rabbit IgG as a control. The antibody/protein complexes were bound to 50 μl of protein G Sepharose 4 Fast Flow beads during 2 h incubation at +4°C and subjected to immunoblotting analysis after multiple washes with immunoprecipitation buffer. Bovine Pdc/G t βγ complex was purified as described before (Lee et al., 1987) and serial dilutions were loaded together with immunoprecipitate to serve as a standard.
Dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) analysis by high-performance liquid chromatography with coulometric detection
Levels of dopamine and DOPAC in mouse retina were determined by ion-pair reversed-phase high-performance liquid chromatography (HPLC) with coulometric detection (guard cell at 0.6 V, and coulometric analytical cell at 0.3 V) using a modification of the method of Nir et al. (2000) . Retinas were homogenized in 100 μl of 0.2 N HClO 4 containing 0.01% of sodium metabisulfite and 25 ng/ml of internal standard 3,4-dihydroxybenzylamine hydrobromide.
After centrifugation at 15,000 g for 10 minutes, an 80 μl aliquot of supernatant was analyzed. The separation was performed on an Ultrasphere ODS 250 × 4.6 mm column, 5 μm (Beckman Coulter, Fullerton, CA, USA) with a mobile phase containing 0.1 M sodium phosphate, 0.1 mM EDTA, 0.35 mM sodium octyl sulfate, 5.5 % acetonitrile (vol/vol), pH 2.7. External standards of dopamine and DOPAC were analyzed in each experiment.
Chronic delivery of the dopamine D4 receptor antagonist L-745,870 via surgically implanted osmotic pumps
Osmotic pumps model 1003D (ALZET Osmotic Pumps, Cupertino, CA, USA) were loaded with L-745,870 solution (2mg/ml dissolved in 45% (2-hydroxypropyl)-β-cyclodextrin) or vehicle and aseptically implanted on the backs of the C3H/f +/+ mice, subcutaneously slightly posterior to the scapulae. After recovery from anesthesia, mice were placed in constant darkness and retinas were dissected on the second day at circadian time (CT) 6 and CT18. Retinas of right eyes were used for Pdc phosphorylation measurements by immunoblotting; L-745,870 content was estimated in the contralateral retinas as an index of osmotic pump performance.
L-745,870 was measured by HPLC with coulometric detection using the same column and HPLC system as for dopamine and DOPAC. Samples were prepared by precipitation of retinal proteins in 100 μl of 0.2 N HClO 4 . KH2PO 4 (0.05M) with 30 % (vol/vol) of acetonitrile was used as a mobile phase. The potential of the working electrode was set to 0.65 V, which was found to be optimal based on a hydrodynamic voltammogramm constructed for L-745,870. The detection limit of the method was 20 pg (signal-to-noise ratio 3:1).
Chemicals
Quinpirole was purchased from Tocris Bioscience (Ellisville, MO, USA). PD168077, L-745,870, and HPLC standards for dopamine and DOPAC were obtained from Sigma Chemical Co. For intraperitoneal (ip) injections, quinpirole and PD168077 were dissolved in water and L-745,870 in 45% (2-hydroxypropyl)-β-cyclodextrin.
Statistics
Data are expressed as mean ± SEM. Comparisons among groups were made by one-or twoway analysis of variance (ANOVA) with Student-Newman-Keuls multiple comparison test. Comparisons of only two groups were performed using a 2-tailed Student's t-test.
Results
Diurnal rhythms of Pdc phosphorylation state and dopamine metabolism
In mice maintained on a 12 h light -12 h dark cycle, the phosphorylation state of Pdc displayed a robust diurnal rhythm (Fig. 2 A) . The levels Pdc phosphorylated at both the CaMKII site (Ser 54 ) and the PKA site (Ser 71 ) were markedly higher at night than during the daytime (p<0.001). Retinal DOPAC levels also showed a diurnal rhythm (p<0.001), but with highest levels during the daytime (Fig. 2 C) . Levels of DOPAC and phosphorylated Pdc (pPdc) correlated negatively (r = −0.82 and −0.84 for pSer 54 -Pdc/DOPAC and pSer 71 -Pdc/DOPAC pairs, respectively; p<0.001). The steady state level of dopamine did not fluctuate significantly throughout the day (Fig. 2 B) .
Dopamine and dopamine receptor agonists reduce the Pdc phosphorylation state
Injection of PD168077 (1 mg/kg), a selective dopamine D4 receptor agonist, reduced pSer 54 -Pdc/Pdc and pSer 71 -Pdc/Pdc ratios in the dark-adapted retina (Fig. 3 A; p<0 .001), mimicking the effect of light exposure (30 min; 100 μW/cm 2 ). The decrease in phosphorylation state in response to light, was significantly greater than that of PD168077 ( Fig. 3 A; p<0 .001 for pSer 54 -Pdc/Pdc; p<0.05 for pSer 71 -Pdc/Pdc ). Further characterization of the role of dopamine in the regulation of Pdc phosphorylation state focused on Ser 71 because both phosphorylation sites responded similarly to PD168077. Quinpirole, an agonist of the D2 family of dopamine receptors, which includes the dopamine D4 receptor, also reduced the Pdc phosphorylation state in dark-adapted retinas (Fig. 3 B; p<0 .001). The effect of both drugs was dose dependent (Fig. 3B; p<0 .001). Quinpirole (10 μM) reduced pSer 71 -Pdc in retinas dissected from darkadapted mice and incubated in darkness in vitro (pSer 71 -Pdc/Pdc: control 1.0 ± 0.08; quinpirole 0.65 ± 0.06; n=10; t-test, p<0.01), demonstrating a direct effect of dopamine receptor activation in the retina.
Dephosporylated Pdc binds to G t βγ subunits (Lee et al., 1987; Yoshida et al., 1994; Thulin et al., 2001; Sokolov et al., 2004) . Treatment of dark adapted mice with quinpirole or light increased the amount of Pdc that co-immunoprecipitated with G t β, using an antibody against the transducin subunit ( Fig. 3 C) . This observation provides additional evidence, independent of the phosphospecific antibodies, that dopamine receptor activation decreases the phosphorylation state of Pdc.
We tested the effects of quinpirole administration ( Fig. 4 A) in dark-adapted wild type and Drd4 −/− mice. Quinpirole induced a rapid decrease in pSer 71 -Pdc/Pdc in wild type mice (n=3-4; two-way ANOVA, p<0.001), but had no significant effect on pSer 71 -Pdc/Pdc in Drd4 −/− mice ( Fig. 4 A) , indicative of the involvement of dopamine D4 receptors in Pdc dephosphorylation.
The diurnal fluctuation of Pdc phosphorylation state was also affected by the absence of dopamine D4 receptors. In wild type animals, the amplitude of the midday-midnight difference in pSer 71 -Pdc/Pdc was approximately 5-fold, with low levels during the daytime in light (Fig.  4 B) . The amplitude of the difference was significantly lower in retinas of Drd4 −/− mice, due to a 3 fold higher level of pSer 71 -Pdc/Pdc at midday in Drd4 −/− mice compared to wild type controls ( Fig. 4 B; p<0 .001). The pSer 71 -Pdc/Pdc levels in Drd4 −/− mice and wild type controls were not significantly different at midnight. The diurnal fluctuation of pSer 71 -Pdc/Pdc in Drd4 −/− mice was smaller than in controls, but still highly significant (p<0.001). These results indicate that activation of dopamine D4 receptors during the daytime contributes to the diurnal rhythm of pSer 71 -Pdc/Pdc level, but that other light-dependent processes also contribute to its generation. In support of this conclusion, pharmacological antagonism of dopamine D4 receptors with L-745,870 also significantly increased pSer 71 -Pdc/Pdc levels during the middle of the day (Fig. 4 C; p<0 .05).
No differences in retinal concentrations of dopamine and its metabolite DOPAC were found in Drd4 −/− mice when compared to wild type animals exposed to a light-dark cycle (Fig. 5 ), which indicates that the observed deficiency in Pdc phosphorylation regulation is unlikely due to changes in dopaminergic activity in the knockout mice. The concentration of retinal DOPAC was significantly higher in the middle of the day (in light) than the middle of the night (in darkness) in both genotypes of mice (p<0.001; Fig. 5 B) .
Circadian rhythms of pSer 71 -Pdc/Pdc, dopamine, and DOPAC in the retinas of C57Bl/6J and C3H/f +/+ mice
The circadian regulation of Pdc phosphorylation was examined in two strains of mice: C3H/ f +/+ strain, in which retinal dopamine is subject to both light-driven and circadian regulation, and the C57Bl/6J strain, in which retinal dopamine is regulated only by light (Doyle et al., 2002) . We confirmed that the levels of retinal dopamine and its primary metabolite DOPAC in C57Bl/6J mice are not rhythmic in constant (24 hr/day) darkness ( Fig. 6 C,D; p>0.05) . In contrast, retinas of C3H/f +/+ mice display a robust rhythm in DOPAC levels ( Fig. 6 H, p<0.001), and a less prominent rhythm in dopamine concentration ( Fig. 6 G, p<0.05) . Accordingly, a circadian rhythm of pSer 71 -Pdc/Pdc was found in C3H/f +/+ mice (Fig. 6 E-F, p<0.001), but not in C57Bl/6J animals ( Fig. 6 A-B ). Significant interactions between factors "circadian time" and "genotype" (two-factor ANOVA, p<0.05 for pSer 71 -Pdc/Pdc ratio and dopamine, p<0.001 for DOPAC) indicate that retinal circadian rhythms in phosducin, dopamine and DOPAC are dependent on genotype. A significant negative correlation between retinal DOPAC concentration and pSer 71 -Pdc/Pdc (r = −0.77, p<0.001) suggests that the circadian rhythm in Pdc phosphorylation is regulated by retinal dopamine.
To further test the hypothesis that the circadian rhythms of Pdc phosphorylation state were driven by dopamine, the effect of constant infusion of the dopamine D4 receptor antagonist, L-745,870, was examined (Fig. 7) . In C3H/f +/+ mice implanted with osmotic mini-pumps containing vehicle, a significant circadian fluctuation in the degree of both Ser 54 -and Ser 71 -Pdc phosphorylation was observed on the second day of constant darkness (p<0.001), with highest levels at night. In contrast, no day-night difference in the phosphorylation state of either Ser 54 or Ser 71 was detected in C3H/f +/+ mice implanted with mini-pumps releasing L-745,870. Retinas in drug-treated mice had high levels of phosphorylation during the day and night.
Discussion
Our data indicate that dopamine, released from the inner retinal neurons in response to light and/or circadian clocks and acting on dopamine D4 receptors, regulate rhythms of protein phosphorylation in mammalian photoreceptor cells. The data show that the photoreceptorspecific protein Pdc undergoes diurnal and circadian fluctuations in the degree of phosphorylation of its PKA (Ser 71 ) and CaMKII (Ser 54 ) consensus sites. The involvement of dopamine in the generation of these rhythms is supported by several lines of evidence. The level of Pdc phosphorylation is lowest during the daytime in light, when dopamine synthesis and metabolism are highest [e.g., (Kramer, 1971; Iuvone et al., 1978; Nir et al., 2000; Doyle et al., 2002; Ribelayga et al., 2004) ]. Pharmacological activation of retinal dopamine D4 receptors results in dephosphorylation of Pdc and promotes Pdc binding to G t βγ. Genetic ablation of the gene encoding dopamine D4 receptors or pharmacological blockade of D4 receptors increases the level of phosphorylated Pdc during the daytime, reducing the amplitude of the diurnal fluctuation. A circadian rhythm of Pdc phosphorylation state is observed in a mouse strain (C3H/f +/+ ) that also expresses a circadian rhythm in dopamine metabolism, but not in a strain that does not (C57Bl/6J). Lastly, the circadian fluctuation in Pdc phosphorylation in photoreceptors of C3H/f +/+ mice is completely eliminated by dopamine D4 receptor antagonism.
The partial reduction in amplitude of the diurnal rhythm of Pdc phosphorylation state in Drd4 −/− mice suggest that dopamine and other light-dependent processes within the photoreceptors act cooperatively to generate the rhythm in intact mice. The effect of light on Pdc phosphorylation state may be mediated by activation and translocation of phosphoprotein phosphatase (Brown et al., 2002) . Reductions in protein kinase activities may also contribute to the light and dopamine responses. The observation that both the PKA-and CaMKIIphosphorylation sites are regulated similarly by light and dopamine D4 receptor activation suggest that both kinases may be involved. Light-induced reductions in PKA activity occur subsequent to decreased cAMP, and light and dopamine D4 receptor activation appear to reduce the same pool of cAMP in mouse photoreceptor cells (Cohen and Blazynski, 1990; Cohen et al., 1992) , but by different mechanisms (Nir et al., 2002) . A reduction in CaMKII in photoreceptors may occur subsequent to light-or dopamine-induced decreases of intracellular Ca 2+ . Light rapidly decreases intracellular Ca 2+ levels by closing cGMP-gated and voltagegated channels (Krizaj and Copenhagen, 2002) . Activation of dopamine receptors also decreases intracellular Ca 2+ in photoreceptors (Thoreson et al., 2002; Ivanova et al., 2008) , but the mechanisms involved are less well established.
Circadian rhythms in retinal dopamine synthesis and metabolism have been observed in rats, birds, fish, amphibians, and some strains of mice (Wirz-Justice et al., 1984; Adachi et al., 1998; Pozdeyev and Lavrikova, 2000; Doyle et al., 2002; Ribelayga et al., 2004; Bartell et al., 2007) . A circadian rhythm in Pdc was observed in C3H/f +/+ mice, which show robust circadian rhythms of dopamine metabolism. The highly significant negative correlation between retinal DOPAC levels and pSer 71 -Pdc/Pdc, coupled with our data showing regulation of Pdc phosphorylation by dopamine D4 receptors and the abolition of the circadian rhythm of Pdc phosphorylation state by a D4 receptor antagonist, strongly supports the conclusion that clocks generate a circadian rhythm in Pdc phosphorylation through rhythmic changes in dopaminergic neuronal activity.
Recent findings support the hypothesis that dopaminergic amacrine cells contain an autonomous circadian clock that drives dopamine release and metabolism (Witkovsky et al., 2003; Gustincich et al., 2004; Ruan et al., 2006; Dorenbos et al., 2007) . However, it must be noted that retinal dopamine content and metabolism are circadian in mice that rhythmically synthesize melatonin, including C3H/f +/+ mice, but not in mice that are genetically incapable of synthesizing melatonin (Tosini and Menaker, 1998; Nir et al., 2000; Doyle et al., 2002) . In C57Bl/6 mice, which do not synthesize melatonin, a circadian rhythm of dopamine metabolism can be induced by daily injections of melatonin (Doyle et al., 2002) . Similarly, the circadian rhythms of dopamine release in fish, lizard, and bird retinas appear to be dependent on melatonin receptor activation (Adachi et al., 1998; Ribelayga et al., 2004; Bartell et al., 2007) . It is tempting to speculate that melatonin released from photoreceptor cells is required to entrain the circadian oscillators in dopamine amacrine cells to the daily light-dark cycle.
Our new data suggest that melatonin in the mouse retina may contribute to circadian rhythms in photoreceptors, including rhythms of protein phosphorylation, by regulating dopamine release, and indicate that the retinal dopamine-melatonin feedback loop previously described in non-mammalian vertebrates [reviewed in (Besharse et al., 1988; Green and Besharse, 2004; Iuvone et al., 2005) ] plays an important role in the circadian organization of mammalian retina.
In rat retina, a circadian oscillator that drives melatonin synthesis rhythms is localized to photoreceptor cells, which also express transcripts of the core circadian clock genes Per1, Per3, Cry1, Cry2, Clock, Bmal1, Rev-erbα, and Rora, (Tosini et al., 2007) , albeit at lower levels than in the inner retina. However, in mouse retina, the full complement of core clock gene transcripts was not detected by single-cell reverse transcriptase-polymerase chain reaction (RT-PCR) (Ruan et al., 2006; Dorenbos et al., 2007) . It remains to be determined if this represents a fundamental difference in circadian organization of mouse and rat retina or if clock genes in mouse photoreceptors are expressed at levels below the detection limit of single-cell RT-PCR.
Our present study and earlier published data provide the basis for the following working hypothesis for the rhythmic control of protein phosphorylation in photoreceptor cells (Fig. 8) .
In darkness, cyclic GMP levels in photoreceptors are high, leading to Na + and Ca 2+ influx through cyclic nucleotide-gated cation channels, depolarization of the plasma membrane, and activation of voltage-gated Ca 2+ channels [reviewed in (Iuvone et al., 2005) ]. The increase of intracellular Ca 2+ activates CaMKII and stimulates cyclic AMP formation, activating PKA, resulting in increased protein phosphorylation by these kinases. Activation of PKA also stimulates nocturnal melatonin formation in a circadian clock-dependent manner (Fukuhara et al., 2004) . Melatonin acts on dopamine neurons to suppress dopamine synthesis and release at night (Dubocovich, 1983; Adachi et al., 1998; Ribelayga et al., 2004; Bartell et al., 2007) and, possibly, to entrain the dopaminergic circadian clock. Light exposure during the daytime reverses these effects. Light decreases cyclic GMP, Ca 2+ and cyclic AMP in photoreceptor cells, reducing protein kinase activity. These effects combined with increased phosphoprotein phosphatase activity (Brown et al., 2002) result in a decrease in the phosphorylation state of the kinase substrates. In addition, light exposure, acting via photoreceptors and retinal circuitry, stimulates dopamine release, with dopamine acting on D4 receptors to further reduce Ca 2+ and cyclic AMP levels, and the activities of the respective protein kinases. The effects of light and darkness on photoreceptors combined with the effects of dopamine drive the robust diurnal rhythms of phosphorylation of PKA and CaMKII substrates in photoreceptor cells. We propose that in animal species capable of circadian synthesis of melatonin and containing circadian oscillators in the dopamine cells, the day-night rhythm in photoreceptor protein phosphorylation state persists in constant darkness, albeit with lower amplitude, due to the reciprocal circadian release of melatonin and dopamine, with activation of photoreceptor dopamine D4 receptors during the subjective day.
In conclusion, our data demonstrate a role for dopamine in the regulation of diurnal and circadian rhythms of protein phosphorylation state in photoreceptor cells. The role of dopamine in other aspects of circadian photoreceptor metabolism remains to be investigated. Retinas of C57Bl/6J mice, kept on a 12 hr light -12 hr dark (LD) cycle, were dissected at the times indicated. From each mouse, one retina was used to measure levels of pSer 54 -Pdc, pSer 71 -Pdc, and total (pan) Pdc, and the other retina used to measure dopamine and DOPAC content. One-way ANOVA shows significant diurnal rhythms in pSer 54 -Pdc, pSer 71 -Pdc (A, B) and DOPAC (D) (p<0.001) but not pan-Pdc (A) or dopamine (C); n = 4 per time point. A significant negative correlation exists between the degree of Pdc phosphorylation and retinal DOPAC content (r = −0.82 and −0.84 for pSer 54 -Pdc/DOPAC and pSer 71 -Pdc/DOPAC pairs, respectively; Pearson correlation, p<0.001).
Fig. 4. Role of dopamine D4 receptors in the regulation of Pdc Ser 71 phosphorylation
Pdc Ser 71 phosphorylation was studied in dark-adapted wild type (Drd4 +/+ ) and dopamine D4 receptor knock-out (Drd4 −/− ) mice on a C57Bl/6 background. A. Mice were injected ip with quinpirole (1 mg/kg body weight [b.w.]) and retinas were dissected in darkness 15, 30 and 60 min after drug administration. Two-way ANOVA indicated significant effects of quinpirole (p<0.001), genotype (p<0.001), and a significant interaction of quinpirole and genotype (p=0.011); n=4 / group. B. pSer 71 -Pdc/Pdc was measured in Drd4 +/+ and Drd4 −/− mice, maintained on a regular 12 h light/12h dark schedule, at ZT6 (middle of the day) and ZT18 (middle of the night). Both time of day (p<0.001) and genotype (p=0.02) significantly affected phosphorylation of Pdc Ser 71 , and a significant interaction of time and genotype was observed Retinas from wild type and mutant mice were dissected at ZT6 during the daytime (in light) and at ZT18 at night and dopamine and DOPAC levels were measured by HPLC with electrochemical detection. n = 5 / group. No significant differences in dopamine or DOPAC levels between genotypes were found (two-way ANOVA, p>0.05). Retinal concentrations of pSer 71 -Pdc, total Pdc, dopamine and the dopamine metabolite DOPAC were measured in two strains of mice, C57Bl/6J (A-D) and C3H/f +/+ (E-H), on the second/third day of constant (24h/day) darkness. Two-factor ANOVA shows a significant effect of "circadian time" for C3H/f +/+ mice but not C57Bl/6J mice for pSer 71 -Pdc/Pdc (n=4-5; p<0.001), dopamine (n=5; p<0.05) and DOPAC (n=5; p<0.001); and significant interactions between factors circadian time and genotype (p<0.05 for pSer 71 -Pdc/Pdc ratio and dopamine, p<0.001 for DOPAC). A significant negative correlation existed between retinal DOPAC content and pSer 71 -Pdc/Pdc ratio (Pearson correlation coefficient r = −0.77, p<0.001). C3H/f +/+ mice were implanted with osmotic pumps releasing L-745,870 or vehicle and transferred to constant darkness. On the second day of constant darkness, retinas were dissected in the middle of subjective day (circadian time 6 (CT6)) and the middle of subjective night (CT18). From each mouse, one retina was used to measure levels of pSer 54 -Pdc, pSer 71 -Pdc and total (pan) Pdc and the other retina to measure the content of L-745,870. The levels of L-745,870 was 156±26 and 129±21 pg / retina at CT6 and CT18, respectively (n=5, p=0.47) in drug treated mice. The degree of phosphorylation of both Ser 54 and Ser 71 exhibited circadian rhythms in vehicle treated mice (two-way ANOVA, Student-Newman-Keuls test, p<0.001, n=5) that were eliminated by the dopamine D4 receptor antagonist (p>0.05).
Fig. 8. A working model for the diurnal and circadian control of photoreceptor protein phosphorylation state
See text for details.
